Cerium(III) complexes of two ligands of a diaza-crown ether with different functional groups as side arms were synthesised and characterised. The catalytic ability of the cerium(III) complexes for pUC19 DNA cleavage was investigated and compared using agarose gel electrophoresis. The results indicate that the catalytic activity of the complex CeL2 [L2 = 2,2′-(1,4,10,13-tetraoxa-7,16-diazacyclooctadecane-7,16-diyl)diacetamide] with two carbamoylmethyl groups is significantly higher than the complex CeL1 [L1 = 2,2′-(1,4,10,13-tetraoxa-7,16-diazacyclooctadecane-7,16-diyl)diethanol] with two hydroxyethyl groups under the same conditions. The optimum catalytic concentrations of CeL1 and CeL2 were 7.69 × 10 -5 and 3.08 × 10 -5 mol L -1 respectively and excessively high concentrations of the complexes can reduce their catalytic efficiency due to the formation of inactive μ-hydroxo dimers. The optimum catalytic acidities of CeL1 and CeL2 were pH 7.0 and 7.5 respectively and excessively high pH of the reaction system can reduce the catalytic efficiency of the complexes due to the formation of cerium(III) hydroxide. DNA cleavage promoted by the two complexes takes place via the same hydrolytic pathway and so the activity difference of the two complexes is attributed to the stability of the complexes, rather than the catalytic mechanism.
INTRODUCTION
Artificial nucleases, as cleavage agents of nucleic acids, synthesised chemically, have received considerable interest because of their potential applications in the fields of molecular biology and drug development or in elucidating the mechanisms of the corresponding restriction enzymes and nucleases [1] [2] [3] [4] [5] [6] . Compared with natural enzymes, artificial nucleases have simpler molecular structures and exhibit higher stability and a lesser dependence on reaction conditions as catalysts in the hydrolysis of phosphodiesters or nucleic acids [7, 8] . It is known that the choice of metal ions as catalytic centres is a crucial factor in the design and synthesis of metal complexes as artificial metallonucleases. Trivalent lanthanide ions have often been used as potential catalytic centres in the development of suitable artificial metallonucleases because of their strong Lewis acidity, fast ligand-exchange rates, high coordination numbers and the absence of accessible redox chemistry [4, 9] . Again, lanthanide ions and their www.prkm.co.uk complexes as artificial nucleases are superior to transition metal ions and their complexes due to the higher degree of binding between lanthanide complexes and nucleic acids through hydrogen bonding [10] . As a result, many lanthanide-mediated complexes have been studied as artificial nucleases and have shown an extraordinary effect on the hydrolysis of phosphate esters or nucleic acids [9] [10] [11] [12] [13] [14] . To mimic efficient nuclease models, the ideal ligands which can deliver metal ions to the vicinity of DNA effectively are an essential part of artificial metallonucleases with good catalytic effect [11] . Among the synthesised ligands of metal complexes used as artificial nucleases, aza-crown ether ligands and their metal complexes have attracted more and more attention [3, [15] [16] [17] . This is due to the special structures and unique properties of aza-crown ethers such as stabilising metal ions with appropriate radii and the possibility of introducing different functional side chains. Some complexes of aza-crown ethers were found to accelerate the hydrolytic cleavage of nucleic acids or model phosphate esters very effectively [18] [19] [20] [21] . Schneider and co-workers [18, 19] have designed several lanthanide complexes of a diaza-crown ether and its derivatives with different side arms, which enhance the hydrolysis rate of plasmid ds-DNA and bis(pnitrophenyl) phosphate (BNPP). Similarly, Roigk et al. [20] designed four europium(III) complexes of aza-crown ether derivatives containing carboxylic functions with methylene spacers of different lengths as artificial nucleases and they found four complexes which can promote BNPP hydrolysis, but do not accelerate the hydrolysis rate of plasmid DNA. In recent years, Chang and co-workers [21] also reported on the europium(III) complexes of 1,7-diaza-4,10,13-trioxacyclopentadecane with carboxymethyl side arms and showed these complexes can catalyse BNPP hydrolysis effectively, with catalytic rates increasing as the pH increases in the range from 6.5 to 9.9. These studies have successfully demonstrated "bifunctional cooperative catalysis" between the functional groups as side arms and the metal-ion centre in the complexes and indicated the cooperative action results in an increase of the cleavage rate for DNA cleavage or phosphate ester hydrolysis. In general, DNA cleavage reactions proceed via oxidative or hydrolytic pathways [11, 22, 23] . However, the phosphodiester bonds of DNA are very stable under uncatalysed physiological conditions and the half-life of DNA for hydrolysis is approximately 200 million years [15, 24] . Therefore, the design of artificial nucleases for cleaving DNA effectively via a hydrolytic pathway is a challenging topic. However, the strategy of introducing functional side arms into the ligands may open a way to cleave phosphodiesters or DNA effectively. Here, two ligands of a diaza-crown ether with different functional groups and their cerium(III) complexes were designed and synthesised. This work mainly focuses on investigating and comparing the catalytic ability of two complexes, exploring the action of the different functional groups as side arms, clarifying the influencing factors of the catalyst activity of the complexes and determining the active species of the catalytic system.
EXPERIMENTAL

Chemicals and instruments
The mass spectra of the ligands were recorded on an Agilent 1100 LC-MS (Agilent Technologies Co., USA). The 1 H NMR spectra of the ligands were obtained on a Bruker 400 MHz NMR Spectrometer (Bruker Co., Switzerland). Infrared spectra were recorded on a Frontier Near/Mid-IR Std instrument (PerkinElmer Co., USA). Elemental analysis (C, H www.prkm.co.uk and N) was carried out with an Elementar Vario EL cube (Elementar Co., Germany). The pH of the solutions was determined using a Sartorius PB-10 pH meter (Sartorius Scientific Instrument (Beijing) Co. Ltd., P.R. China). DNA cleavage was analysed by gel electrophoresis using a DYY-12 electrophoresis power supply (Beijing) and gel image analysing system (Vilber Lourmat BIO-1D, France). 1,4,10,13-Tetraoxa-7,16-diazacyclooctadecane (L 0 ), as the parent ligand, was synthesised by our research group [25] . Tris(hydroxymethyl)aminomethane (Tris), chloroacetamide, triethylamine, ethanol, Ce(NO 3 ) 3 .6H 2 O, triethyl orthoformate, HCl, NaOH and NaCl were purchased from Chongqing Chemical Co. Plasmid pUC19 DNA, 50 × TAE buffer, 6 × loading buffer, goldview dye and agarose were purchased from Beijing Dingguo Changsheng Biotechnology Co. Ltd. All other chemicals purchased from Chongqing chemical Co., unless otherwise indicated, were of analytical grade. Doubly distilled water was used for all experiments. (1,4,10,13-tetraoxa-7,16-diazacyclooctadecane-7,16-diyl) diethanol ( (1,4,10,13-tetraoxa-7,16-diazacyclooctadecane-7,16-diyl) diacetamide (L2) Ligand L2 was synthesised according to a previously reported method [26] 
Synthesis of ligands 2.2.1 Synthesis of 2,2′-
Synthesis of 2,2′-
Synthesis of complex CeL2
Ligand L2 (0.1853 g, 0.5 mmol) and an equimolar amount of Ce(NO 3 ) 3 .6H 2 O were dissolved separately in two quantities of ethanol (5 mL each). Then triethyl orthoformate (20 drops) was added to the ethanolic solution of ligand L2 and the mixture was refluxed for 5 h. After cooling, the ethanolic solution of L2 was added slowly to the ethanolic solution of Ce(NO 3 ) 3 .6H 2 O, when a white precipitate was observed immediately. Then the mixture was refluxed for 6 h. After cooling, the white precipitate was filtered off, washed with a small amount of ethanol and dried in vacuum to give the metal complex CeL2(NO 3 ) 3 
DNA cleavage experiment
Plasmid pUC19 DNA was purchased from Beijing Dingguo Changsheng Biotechnology Co. Ltd and kept at -20 o C and used without further purification. In the cleavage reaction, the plasmid pUC19 DNA (25 μg mL -1 ) in buffer (5 mM Tris-HCl/10 mM NaCl) at a certain pH was treated with different concentrations of the complexes and then diluted with the buffer to a total volume of 13 μL. After incubation at 37 o C for a certain time, the reaction was quenched by the addition of 6 × loading buffer (2 μL) and then the resulting solutions were loaded on a 0.8% agarose gel containing goldview dye. Gel electrophoresis was carried out at 60 V for 1 h in 1 × TAE buffer and then the plasmid bands were visualised by a transilluminator, photographed and quantified using Vilber Lourmat BIO-1D software.
RESULTS AND DISCUSSION
Comparison of the activity of the complexes CeL1 and CeL2 at different times
Plasmid pUC19 DNA exists in a compact supercoiled conformation (Form I). The supercoiled form of DNA can convert into the nicked circular form (Form II) following single strand cleavage of the supercoiled DNA and can convert into the linear form (Form III) following double chain cleavage of the supercoiled DNA. In gel electrophoresis, Form I usually moves faster towards the anode than Form II and the migration rate of Form III is between that of Form I and Form II under the same conditions [27, 28] . In order to study the DNA cleavage activity of the two complexes, the DNA cleavage promoted by the two complexes was investigated by agarose gel electrophoresis. The cleavage of supercoiled plasmid DNA (pUC19 DNA) by the www.prkm.co.uk complexes was carried out at a concentration of 3.08 × 10 -5 mol L -1 for different time intervals and the results are shown in Figure 1 . Figure 1 shows the effect of time on pUC19 DNA cleavage promoted by the two complexes. From Figure 1 , it can be seen that the amount of cleaved DNA (Form II) increases as the reaction time increases in the solutions of the complexes and reaches a maximum of 56% with catalyst CeL2 and a maximum of 35% with catalyst CeL1 at 9 h. This shows that the two metal complexes function as artificial nucleases for the cleavage of DNA and it also shows the catalytic efficiency of the complex with two carbamoylmethyl groups is higher than that of the complex with two hydroxyethyl groups.
Comparison of the activity of the two complexes at different concentrations
To contrast further the catalytic activity of the two complexes, DNA cleavage experiments were performed at different concentrations of the complexes (CeL1 and CeL2) and the results are shown in Figure 2 . The catalytic activities of the two complexes reveal a similar trend with an increase in the complex concentration. The amount of cleaved DNA (Form II) reaches a maximum of 56% with CeL2 at a concentration of 3.08 × 10 -5 mol L -1 and a maximum of 36% with catalyst CeL1 at a concentration of 7.69 × 10 -5 mol L -1 at 9 h. Above the optimum concentration, the catalytic activities of the two complexes decrease, which is similar in behaviour to that of the complex with two hydroxypropyl branches in our previous report [29] . The reduction in catalytic activity might be ascribed to the formation of unreactive μ-hydroxo dimers as inactive species at high concentrations, as shown in Scheme 2. The formation of the inactive species reduces the concentration of the reactive monomeric complexes and thus hampers the binding action between the active species and DNA molecules.
Comparison of the activity of the two complexes at different acidities
The catalytic activity of the complexes for DNA cleavage is strongly influenced by the pH of the reaction system. In order to contrast further the catalytic activity of the two complexes, the activity-pH relationship of the complexes (CeL1 and CeL2) was determined in the pH range from 6.0 to 8.50. The activity-pH profiles for the catalytic function of the two complexes are shown in Figure 3 . The two profiles show similar trends. Evidently, the catalytic efficiency of www.prkm.co.uk the complex with two carbamoylmethyl groups is higher than that of the complex with two hydroxyethyl groups at different acidities. The optimum pH values of the CeL1 and CeL2 catalytic systems are pH 7.0 and 7.5 respectively. Above the optimum pH, the catalytic activities of the two complexes decrease, which is similar in behaviour to the activity change with pH of the complex with two hydroxypropyl branches in our previous report [29] . Scheme 3 shows three equilibrium forms of the cerium complexes [cerium(III)-bound water, cerium(III)-bound OH and cerium(III) hydroxide]. At the optimum www.prkm.co.uk pH, the cerium(III)-bound OH form, as the active species [9] , has the advantage of number in the catalytic system and so the catalytic efficiency of the complexes reaches its maximum. Above the optimum pH of the reaction system, the chemical equilibrium moves towards cerium(III) hydroxide, which decreases the amount of active species and therefore the catalytic efficiency of the two complexes decreases.
3.4
Comparison of the activity of the two complexes in the presence of typical radical scavengers Many metal complexes can cleave nucleic acids or model phosphate esters by both oxidative [30, 31] and hydrolytic pathways [11, 21] . In general, the efficiency of DNA oxidative cleavage is higher than that of hydrolysis. In order to elucidate the pathways of DNA cleavage catalysed by CeL1 and CeL2, a series of reactive oxygen species scavengers was introduced to the DNA cleavage assays and the experimental results are shown in Figure 4 . From Figure 4 , it can be seen that there is no evident change in the catalytic effect for the two complexes in DNA cleavage with addition of NaN 3 , DMSO, t-BuOH or KI, which indicates that DNA cleavage promoted by the two complexes takes place via the same hydrolytic pathway and the cleavage efficiency of pUC19 DNA in complex CeL2 is higher than that in complex CeL1 in the presence of different radical scavengers. Therefore, the reaction pathway could not result in the difference of catalytic activity for the two complexes. www.prkm.co.uk
Action of the functional groups as side arms in the complexes
The above experimental results show that the catalytic efficiency of CeL2 is higher than that of CeL1 whether at the same concentration or the same acidity. This difference in the catalytic efficiency between CeL2 and CeL1 is attributed to the different functional groups in the complexes. The action of the functional group is mainly manifested in two aspects (Scheme 4): one is to provide the electron pair to form the coordination bond with the cerium ion and the other is to recognise and bind the phosphorus oxygen atom of DNA by hydrogen bonding and electrostatic interaction in the DNA cleavage process. The stronger is the donating electron ability of the functional group, the more stable are the coordination bond and the complex. The electron-donating capability of nitrogen is greater than that of oxygen and so complex CeL2 with two carbamoylmethyl groups is more stable than complex CeL1 with two hydroxyethyl groups. Therefore, the amount of active species from CeL2 is greater than from CeL1 at the same concentration, which leads to the catalytic efficiency of complex CeL2 being higher than that of CeL1. Our previous report [32] showed that the amount of cleaved DNA (Form II) reached a maximum of 44% with the complex CeL 0 without side arms at pH 7.54, 3.08 × 10 -5 mol L -1 complex concentration and at 9 h. The catalytic efficiency (the maximum amount of 56% of cleaved DNA) of complex CeL2 is higher than that of complex CeL 0 under the same conditions. This was attributed to the DNA binding effect of the carbamoylmethyl side arms for complex CeL2 by hydrogen bonding and electrostatic interaction, which is conducive to the stability of the intermediate species formed from DNA and the complex, which might then accelerate the cleavage of DNA.
CONCLUSIONS
(1) Two cerium-centred complexes of a diaza-crown ether with different functional groups as side arms show the same catalytic trends with changes of concentration and acidity in the DNA cleavage process, but the catalytic efficiency of the complex with two carbamoylmethyl groups is significantly higher than that of the complex with two hydroxyethyl groups under the same conditions. The activity of diaza-crown ether complexes with side arms as artificial nucleases is determined not only by the central metal ion, but also depends on the structure of the ligand. (2) Lanthanide-centred complexes of diaza-crown ethers usually have poor stability, while the stability of the complex as an artificial nuclease is an important factor affecting its catalytic activity. Therefore, the design of the ligand should not only incorporate the ability of the functional base to bind the DNA molecule, but also its ability to stabilise the complex. www.prkm.co.uk (3) The experimental results confirm that DNA cleavage is promoted via a hydrolytic pathway, instead of oxidative cleavage in the two complexes and the cerium (III)-bound OH forms, produced from deprotonation of the coordinated water molecules, are the active species for the DNA catalytic hydrolysis. (4) Above the optimum pH and complex concentration of the reaction system, the catalytic efficiency of the complex decreases, effects which are ascribed to formation of inactive species and reduction of the active species concentration.
